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Acute myelogenous leukemias (AMLs) are
characterized by medullary and extramed-
ullary invasion. We hypothesized that a
supramolecular complex, the leukemia-
cell invadosome, which contains certain
integrins, matrix metalloproteinases (MMPs),
and other as-yet unidentified proteins, is
essential for tissue invasion and may be
central to the phenotypic diversity ob-
served in the clinic. Here we show that the
specific binding of MMP-9 to leukocyte

surface B, integrin is required for pericel-
lular proteolysis and migration of AML-
derived cells. An efficient antileukemia
effect was obtained by the hexapeptide
HFDDDE, a motif of the MMP-9 catalytic
domain that mediates integrin binding:
HFDDDE prevented proMMP-9 binding,
transmigration through a human endothe-
lial cell layer, and extracellular matrix
degradation. Notably, the functional pro-
tein anchorage between 3, integrin and

proMMP-9 described in this study does
not involve the enzymatic active sites
targeted by known MMP inhibitors. Taken
together, our results provide a biochemi-
cal working definition for the human leu-
kemia invadosome. Disruption of specific
protein complexes within this supramo-
lecular target complex may yield a new
class of anti-AML drugs with anti-invasion
(rather than or in addition to cytotoxic)
attributes. (Blood. 2009;114:3008-3017)

Introduction

Acute myelogenous leukemia (AML) results in lethal overgrowth
of the myeloid progeny in the bone marrow. Typically, AML cells
replace most of the normal hematopoietic lineages and lead to
bone-marrow failure and death from infection and/or hemorrhage.
However, AML cells also circulate through the bloodstream and
can invade virtually any tissues; certain patterns are characteristic
of specific subtypes of AML." Currently, a significant cause of
morbidity and mortality in some patients with AML is pulmonary
hemorrhage and acute respiratory distress syndrome secondary to
lung involvement. Moreover, extramedullary infiltration accounts
for splenomegaly, lymph node enlargement, gum involvement, and
diffuse infiltration of the skin.

Clinically, the subtypes of AML (termed M1-M7 variants) share
many similar features, but there is epidemiologic and molecular
diversity among the variants.? For example, in the M4 variant, one
of the most frequent AML subtypes, populations of abnormal
myelocytes and monocytes coexist in variable proportions; how-
ever, soft-tissue infiltration is a common feature of the M5 variant,
a relatively uncommon AML subtype.

The molecular basis for AML phenotypic diversity remains
largely unknown. Because trafficking through the vascular and
lymphatic systems and homing to selective lymphoid organs are
functions of normal leukocytes, the clinical manifestations ob-
served in AML could be the result of aberrant leukemia-cell
adhesion phenomena involving a3, and other integrins. Given
our previous work on the molecular interplay between (3, integrins
and MMPs,? we attempted to recapitulate these functional protein-
protein interactions in vitro, in leukemia-derived cells, and in
animal AML models. Because of the clinical and epidemiologic
manifestations of AML, we chose the leukemia cells OCI-AML-3

(an M4 variant) and THP-1 (an M5 variant) as representative
human AML-derived cell lines.%’

Among the many known MMPs, the expression of MMP-9 may
correlate with the progression and invasiveness of acute and
chronic leukemias.®10 In effect, we have shown that proMMP-9
binds via its procatalytic domain to I domains of o3, and oy 3,
integrins; we have also shown that the interaction with the oy I
domain is stronger than that with the «; I domain.!" Moreover, the
3, integrin-proMMP9 interaction can be recapitulated with a
peptide as short as the hexapeptide HFDDDE, derived from the
MMP-9 catalytic domain sequence, to show that perturbation of
this interaction inhibits leukemia cell migration in vitro.'? Another
peptide capable of inhibiting proMMP-9 binding is the 3, integrin
ligand ADGACILWMDDGWCGAAG (referred to as “DDGW”).11-13

We set out to study the potential functional role of a supramo-
lecular complex composed of 3, integrins and MMP-9 on the
extramedullary leukemia. We show that disruption of this protein
interaction inhibits extravasation and extramedullary invasion in
murine models of human disease; these findings add support to the
term “leukemia invadosome” describing complexes among inte-
grins, MMPs, and ligands/substrates that are temporarily formed
and disrupted on the surface of leukemia cells as they invade
tissues'4; this term was coined to describe the biology of round-
shaped leukemia cells, in which filamentous actin-based structures
(such as filopodia) either do not exist or are not stable to the same
extent they are in stationary adherent cells.!> Currently, there is no
treatment strategy aimed at tissue invasion in the setting of
leukemia. In effect, extramedullary leukemia can even precede
systemic AML,; thus, isolated extramedullary disease is treated
systemically with chemotherapy. Given that the selected peptide
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motifs evaluated here are active against cell invasion in the
preclinical setting, inhibiting the leukemia invadosome may have
translational value for the development of new mechanism-based
agents in addition to chemotherapy or targeted drugs.

Methods

Cell culture

OCI-AML3 cell line, derived from the primary blast of an AML patent,°
was maintained in RPMI containing 10% fetal bovine serum (FBS) and
supplemented with L-glutamine, penicillin, and streptomycin. The human
THP-1 and Jurkat leukemia cell lines were obtained from ATCC and
maintained as described.!®!8 To mimic in vivo conditions, all the cell
cultures were maintained at 5% oxygen in a hypoxia chamber (Heraeus
Instruments).

Antibodies, peptides, and small molecules

Rat antibody against the mouse ayf3, integrin (MCA74) and fluorescein
isothiocyanate (FITC)—conjugated anti-rat (Fab’), were from Serotec and
rat antibody against CD31 (MEC 13.3) was from BD Biosciences.
Polyclonal antibodies against MMP-9 were from Santa Cruz Biotechnology
or as described.!® Rabbit antibodies against the MMP-9 sequence YQGDAH-
FDDDE were generated at Neosystems (NeoMPS) and purified by peptide
affinity chromatography. Preimmune IgG was affinity-purified by the use of
protein G. Other antibodies and peptides were as described.®!!"1317 The
B, integrin-binding small-molecule IMB-10 was obtained from Calbio-
chem, and the control IMB-8 compound was obtained as described.*

Nude and Balb/c mouse experiments

The institutional ethical committee of The University of Texas M. D.
Anderson Cancer Center (UTMDACC) and approved all animal experi-
ments. Immunodeficient nude mice received 10 cells subcutaneously in
both flanks. At day 4, OCI-AML-3 cohorts (n = 6-8 mice per group)
received 10 mg/kg/day peptide or saline intravenously 5 days a week for
3 weeks. Treatments of THP-1 cohorts (n = 10 mice per group) began at
day 14 with HFDDDE (at 20 mg/kg/day) or DDGW (at 10 mg/kg/day).
Actuarial survival was analyzed by the Kaplan-Meier methodology. For
statistical analysis, either the Student 7 test or the log rank test (as indicated)
was used to compare differences between the test peptide- or control
peptide-treated groups. The F test (analysis of variance) also was used when
indicated. The statistical software used was SPSS for Windows, Version 8.0
(SPSS Institute). For tracking leukemia cell dissemination, OCI-AML-3
cells were labeled with 21 by the lactoperoxidase method and administered
intravenously (10° cells in 100 pL) into immunocompetent Balb/c mice
(n = 3 per group) with or without peptides or antibodies as indicated. Mice
were killed 1 hour after inoculation. Organs were collected, weighed, and
12T was determined in a -y-radiation counter. To determine the effect of
peptides on circulating MMP-9 levels, peptide (200 pg) was injected
intravenously into 3 Balb/c mice, and MMP-9 was determined by gelatin
zymography.

Cell migration, adhesion, and proliferation assays

For transendothelial migration, OCI-AMLS3 cells (5 X 10%) were plated on
an established layer of endothelial cells (EaHy926 grown for 1 week in
Transwells of 5-pm pore size) and cultured for 24 hours at 5% oxygen. The
transmigration of OCI-AML3 cells through the endothelial layer was
determined by cellular phosphatase assay!! or glyceraldehyde 3-phosphate
dehydrogenase assay (Ambion Inc). Primary AML-M4 cells were obtained
from cryopreserved peripheral blood cells from leukemia patients treated at
UTMDACC and studied in collagen-coated 3-pm pore size filters (Costar).
Atotal of 10° cells were allowed to migrate for 24 hours in 10% FBS/RPMI,
after which the cells migrated to the bottom well were counted. For
adhesion studies, 96-well plates were coated with 2% gelatin (Sigma-
Aldrich) and blocked with 2% bovine serum albumin (BSA) for 30 minutes.
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Primary AML-M4 cells (5 X 10*) were stimulated with 40 nmol/L phorbol
12,13-dibutyrate (PDBu) and plated onto the wells in 100 nL RPMI
containing 0.1% BSA. After incubation for 1 hour at 37°C in hypoxia,
unbound cells were removed by gently washing with PBS. The adherent
cells were determined by the measurement of mitochondrial dehydrogenase
activity by the use of DHL cell viability and proliferation assay according to
the instructions of the manufacturer (AnaSpec). For cell-proliferation
studies, 5 X 10* cells per well were cultured in 10% FBS/RPMI in
96-plates under hypoxic conditions for 1, 2 or 7 days, and the cells were
determined by the DHL assay.

RNA interference

Targeted small interfering (si)RNAs against the aM integrin (siRNA ID:
§7567, or 5'-GGGUGUCCUCAAGAGGAUATT-3") and proMMP-9
(siRNA ID: s8862, or 5'- UAUCCUCUUGAGGACACCCTC-3") were all
obtained from Ambion. Nontargeted siRNA, negative control 1 also was
obtained from Ambion (catalog no. 4390844). siRNAs were transfected at
160 nmol/L concentrations to OCI-AML3 cells by siPORT Amine (Am-
bion) in serum-free medium or by Lipofectamine 2000 (Invitrogen Life
Technologies) in complete medium. After 72 hours, the cells were analyzed
by different methods as described. For statistical analysis, the Student ¢ test
was used, and a P value of less than .001 was considered statistically
significant.

Immunoblotting

Equal amounts of total protein (30 wg) from siRNA-transfected OCI-
AML3 cells were separated on 8% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis, transfected to nitrocellulose membrane, and probed
with anti-aM 2LPM19c antibody. The membrane was preprobed with an
antibody against a-actinin to demonstrate equal protein sample loading.

Flow cytometry

OCI-AML3 cells were grown on top of EaHy926 cells in the presence of
50 nmol/L PDBu for 2 hours at 5% oxygen. The medium was removed, and
the cells were fixed with 4% paraformaldehyde for 15 minutes. The cells
were incubated in labeling buffer (PBS containing 0.1% BSA, 0.1% NaNj,
and 5% heat-inactivated donkey serum) for 30 minutes and washed (0.1%
BSA, 0.1% NaNj; in PBS). Subsequently, the cells were incubated with
20 pg/mL of primary antibody for 1 hour. The primary antibodies used
were anti-oaLL MEMS83, anti-aM MEM170, and anti-MMP-9 H-129 (poly-
clonal; all from Santa Cruz). The cells were washed again and incubated
with secondary antibody for 30 minutes. The secondary antibodies used
were 1:60 of FITC-conjugated donkey anti-mouse (715-095-150; Jackson
ImmunoResearch) or 1:120 of Cy3-conjugated donkey anti—rabbit (711-165-
152; Jackson ImmunoResearch). After washing, the cells were resuspended
to in PBS containing 0.1% BSA and analyzed by flow cytometry (BD
FACSCalibur).

Immunofluorescence

OCI-AMLS3 cells were transferred on top of an 8-chamber slide coated with
poly-L-lysine. Cells were stimulated with 50 nmol/L PDBu for 30 minutes,
fixed with 4% paraformaldehyde, and labeled with primary antibodies,
anti-al. TS1/22, anti-aM MEM170, anti-B2 R7E4, or affinity purified
anti-MMP-9 antibodies'” for 1 hour at room temperature (RT; see Figure
5C). Alternatively, OCI-AML3 cells were transferred on top of an
8-chamber slide coated with EaHy926 endothelial cells. Cells were
stimulated with 50 nmol/L PDBu for 2 hours at 5% oxygen, fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100, and labeled
with primary antibodies MEM170 and H-129 (both from Santa Cruz
Biotechnology) for 1 hour at RT (see Figure SE). The cells were incubated
with secondary antibodies, 1:150 FITC goat anti-mouse (sc-3699; Santa
Cruz Biotechnology), and 1:300 TRICT goat anti—rabbit (sc-3841; Santa
Cruz Biotechnology) for 30 minutes at RT. The confocal microscope used
was Leica DM 6000 B; data acquisition software used was Leica, LAS
AF-TCS SP5.
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Figure 1. Expression of MMP-9 and integrin on AML
cells and binding activity of DDGW peptide. (A) Phage
displaying DDGW was allowed to bind to 4 leukemia cell
lines in the absence or presence of DDGW or KKGW
peptide. Insertless Fd phage was a control. The bound
phages were determined by titering in bacteria. (B) Fd,
DDGW, or CPCFLLGCC phages were examined for bind-
ing to bone marrow smears from AML patients and one
healthy donor. The percentage of tumor cells is indicated.
The bound phages were determined by bacterial infection.
The results show mean = SD. (C) OCI-AML3 cells were
treated with 50 nmol/L PDBu for 30 minutes and stained
with anti-o. TS1/22, anti-ay MEM170, and anti-B, R7E4
antibodies (in green in top, middle, and bottom panels,
respectively) and affinity purified antibodies against MMP-9
(in red). Yellow indicates the colocalization of o /ayB2
integrins and MMP-9. (D) OCI-AML3 cells were transferred
onto the slides coated with endothelial cells (EaHy926),
and the cells were treated with 50 nmol/L PDBu for 2 hours.
Coculture was stained with anti-ay MEM170 (green) and
polyclonal anti-MMP-9 H-129 (red) antibodies. Yellow indi-
cates colocalization. (E) Cells were grown in the absence
or presence of an endothelial cell monolayer and 50 nmol/L
PDBu for 2 hours. The cells were stained with anti-o
MEMS83, anti-ayy MEM170, or anti-MMP-9 H-129 antibodies
and analyzed by flow cytometry. Shown are mean = SD
from 3 separate experiments.

O Patient 1 AML 30 %
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O Patient 3 AML 52 %
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Phage-binding assay

Bone-marrow samples were obtained after informed consent was provided
in accordance with the Declaration of Helsinki and UTMDACC Institu-
tional Research Board approval from 8 AML patients at UTMDACC and
from a healthy donor volunteer. Phage binding to the bone-marrow samples
and cell lines was performed as described® with 107 transducing units
phage input per 10° cells. After an oil/water phase separation assay?’ the
bound phage (in transducing units) was determined by infecting host
K91kan bacteria.

Cell binding of MMP-9 domains

125]-1labeled MMP-9 domains AproMMP-9 and PEX!>!3 were incubated
with cells on ice for 3 hours in the absence or presence of competitors. Cells
were fixed with 3% paraformaldehyde followed by washing. Samples were
analyzed in a y-counter. The dissociation constant (Kd) was determined
with Prism software, Version 2.01 (GraphPad).

Pericellular proteolysis

For gelatinolysis assays, phorbol ester—activated OCI-AML-3 cells were
incubated with FITC-labeled gelatin coated on 96-wells,!3 or alternatively
with FITC-labeled gelatin—Sepharose in suspension. The released FITC
label was analyzed in the supernatant by fluorometry (Wallac Victor
Fluorometer). To prepare [*H]proline-labeled ECM, EaHy926 cells were
grown in the presence of 2.5 mCi/mL [*H]proline for 1 week in 24-well
plates and then detached by mild alkaline hydrolysis. OCI-AMLS3 cells (at
2 X 10° per well) were incubated for 6 hours in 1 mL serum-free RPMI,
and the supernatants were analyzed by liquid scintillation counting. To

study the stability of endogenous membrane proteins, 4 X 107 cells were
surface-biotinylated with Sulfo-NH-SS-Biotin. After washing, the cells
were incubated in the absence or presence of peptides (200 wmol/L) in
complete medium for 16 hours. Cell surface-biotinylated proteins were
isolated with a protein biotinylation and purification kit (Pierce) and
analyzed on sodium dodecyl sulfate gels with silver staining and immuno-
blotting with an anti-B, integrin (R2E7) antibody. In flow cytometry,
cell-surface biotinylated proteins were determined with streptavidin-
phycoerythrin (BD Biosciences).

Results
Expression of MMP-9 and ayf2 in AML cells

The B, integrin-binding and invadosome-targeting DDGW peptide
was chosen for our studies because of its remarkable ability to
recognize primary AML cells and cell lines. In a Biopanning and
Rapid Analysis of Selective Interactive Ligands (BRASIL) assay,?’
phage displaying DDGW sequence bound most strongly to OCI-
AML3 cells of the 4 leukemia cell lines studied (Figure 1A). The
binding was specifically inhibited by the DDGW peptide but not by
a control peptide ADGACILWMKKGWCGAAG (referred to as
“KKGW?”). Insertless Fd phage was used as a control. Similarly,
DDGW phage bound strongly to bone-marrow samples of AML
patients (Figure 1B). A total of 7 of 8 studied AML specimens
bound significantly more DDGW phage than a bone-marrow
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Figure 2. Antileukemia activity of invadosome-targeting pep- A
tides in OCI-AML3 xenografts. (A) Shown are representatives of
peptide-treated leukemia-bearing mice 20 days after OCI-AML-3
cell inoculation. (B and C) Tumor sizes of OCI-AML-3—derived
xenografts. Bars represent means from each peptide group.
*Student t test, P < .001 of either HFDDDE- or DDGW-treated
mice compared with control mice. No significant differences were
detected between DFEDHD vs the saline group (t test, P = .107)
or KKGW vs the saline group (f test, P = .65). Mice were killed Saline HFDDDE DFEDHD
when leukemia-derived xenograft volume reached 700 mm? as
indicated. (D-E) Kaplan-Meier actuarial survival analysis of the
cohorts is shown. Differences were statistically significant at
P <.001 and P = .004 for HFDDDE-treated group (D, dashed
line) and DDGW-treated group (E, dashed line), respectively,
compared with control DFEDHD-treated mice (D, solid line) or
KKGW peptide-treated group (E, solid line).
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control from a healthy donor. These 7 bone-marrow samples
contained 52% to 88% AML cells, indicating that DDGW does
recognize the primary tumor cells. We also observed that
DDGW demonstrated much stronger binding to the bone-
marrow samples than another 3, integrin-recognizing peptide,
CPCFLLGCC, which does not inhibit integrin-proMMP-9
interaction.!!

The OCI-AMLS3 cell line was chosen for further studies because
of its strong binding to the DDGW peptide. Colocalization of
proMMP-9 and (3, integrin was observed in OCI-AML3 cells when
they were stimulated with phorbol ester (Figure 1C) or with
endothelial-cell coculture (Figure 1D). Colocalization was detect-
able with antibodies to each integrin subunit aM, oL, or B2 as
studied by confocal microscopy. Interestingly, in the endothelial-
leukemia cell coculture, the colocalization of proMMP-9 and
aMB2 occurred in apparent contact areas between the leukemia
cells (Figure 1D). Furthermore, the coculture with an endothelial
cell monolayer increased the membrane expression of oy 35, o2,
and proMMP-9 on OCI-AMLS3 cells as studied by flow cytometry
(Figure 1E). OCI-AMLS3 cells appeared to express more aL chain
on the cell surface than aM chain and, in fact, the cell-surface
expression of aM chain became readily detectable only after the
stimulation.

Days postinoculation Days postinoculation

Inhibition of subcutaneous leukemia xenografts by HFDDDE
and DDGW peptides

The ability of DDGW to recognize AML-derived cells led us to
study the effects of invadosome-targeting peptides on AML cell
invasion in murine models. When the cells were grown as
subcutaneous xenografts in nude mice, a process that requires cell
invasion and tissue remodelling, both peptides—but not correspond-
ing negative control peptides—markedly decreased the growth of
extramedullary leukemia (Figure 2A). HFDDDE administered
intravenously induced tumor regression in 3 of 8 mice bearing
OCI-AML3 xenografts (Figure 2B). A tumor response induced by
HFDDDE was significant at early (20 days) and later (120 days)
time points (7 test, P < .001); a scrambled peptide (DFEDHD) had
no detectable effects. Moreover, after the HFDDDE peptide
treatment, 3 of the mice remained healthy for 6 months, after which
time they were killed. Tumor response was shorter (~ 3 weeks) for
DDGW (Figure 2C); KKGW had no activity. Treatment with either
HFDDDE or DDGW led to a significant increase in the actuarial
survival of leukemia-bearing mice in comparison with control mice
(Figure 2D-E). Unlike the cohort of DDGW-treated mice, discon-
tinuation of treatment with HFDDDE did not result in leukemia
regrowth. The peptides induced no weight loss or other evident
untoward effects at the doses used.
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Similarly, peptide treatments of nude mice bearing THP-1
xenografts led to a subsequent tumor response: HFDDDE-treated
(Figure 3A) or DDGW-treated (Figure 3B) mice had smaller tumor
xenografts compared with control mice. Immunostaining of the
xenografts showed signs of extensive tissue remodeling, including
recruitment of host leukocytes and neovascularization (Figure 3C).
Notably, the number of ayif3,-positive tumor-infiltrating leukocytes
and CD31-positive endothelial cells were markedly decreased by
either HFDDDE or DDGW treatment.

Inhibition of leukemia cell extravasation by HFDDDE

In another experimental approach relevant to leukemia we studied
leukemia-cell extravasation by coadministering '?’I-surface—
labeled OCI-AML-3 cells with or without the competitor peptide
intravenously into Balb/c mice. We measured the cell-associated
radiolabel accumulated in blood and organs 1 hour after the
injection. HFDDDE and DDGW both caused a simultaneous shift
in the leukemia-cell distribution, coupled with a decrease in
leukemia-cell migration and increase in the cell pool remaining in
the peripheral circulation. Again, HFDDDE was the more active
peptide and inhibited accumulation of leukemia cells not only into
the bone-marrow cavity but also in commonly invaded extramedul-
lary organ sites such as liver and spleen, whereas the scrambled
control peptide had no detectable effects (Figure 4A). DDGW
caused no inhibition of tissue infiltration by leukemia cells except
in the lungs (Figure 4B-C). Because the MMP-9—derived HFD-
DDE proved so bioactive and relatively potent against experimen-
tal models of AML, we tested antibodies raised against the peptide.
Anti-HFDDDE antibodies recognized proMMP-9 in enzyme-
linked immunosorbent assay and in immunoblotting (data not
shown). Furthermore, anti-HFDDDE antibodies had an effect with
similar magnitude to the cognate peptide itself when coadminis-
tered with the cells (Figure 4D).

The leukemia cells remained largely within the peripheral-
blood circulation and were prevented from infiltrating bone mar-
row and most extramedullary sites. HFDDDE and anti-HFDDDE
antibodies similarly inhibited the infiltration of Jurkat cells to
bone marrow and to extramedullary sites of invasion, suggesting
that the major integrin, oyf3,, expressed by these cells in
association with MMP-9, may play a role in T-cell leukemia
extravasation (Figure 4E). Because HFDDDE and DDGW release
proMMP-9 from leukocytic cells in vitro,!'"!* we examined the
serum MMP-9 levels in Balb/c mice injected intravenously with
either peptide. Consistently, we found that the serum MMP-9 levels
were greater in peptide-injected than in control mice, suggesting
that both peptides prevent cell-surface binding of proMMP-9 in
vivo as well (Figure 4F).

HFDDDE inhibits migration and proliferation of AML cells
in vitro

To obtain further evidence that proMMP-9 and (3, integrin together
are central for AML cell extravasation, we examined the cells in a
transendothelial migration assay. Blockage of either the integrin
(with the HFDDDE peptide) or of proMMP-9 (with the CTTHWG-
FTLC peptide; Koivunen et al'7) inhibited OCI-AML3 cell mi-
gration through an EaHy926 endothelial cell layer (Figure 5A).
DFEDHD and CTTHAGFTLC served as controls. A strong effect
on cell migration also was obtained by IMB-10, a pharmacologic
a3, integrin inhibitor/modulator, but not by the control com-
pound IMB-8, indicating specificity. Similarly, siRNA against
aypf, or proMMP-9 inhibited significantly (P < .001), whereas a
control siRNA did not. Furthermore, the combined effect of the
siRNAs was not additive (Figure 5B).

HFDDDE and IMB-10 also inhibited migration of primary
AML cells as studied in collagen-coated migration chambers
(Figure 5C). However, initial adhesion of primary cells was not
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Figure 4. Effect of invadosome-inhibiting peptides on leuke-
mia-cell extravasation and circulating MMP-9 levels.
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affected by HFDDDE in a 60-minute assay where IMB-10 was
antiadhesive (Figure 5D). Further analysis of AML cells indi-
cated that their long-term proliferation in suspension was
sensitive to inhibition by IMB-10 or HFDDDE. Figure 5E shows
the results for primary AML cells after a 7-day culture, where
IMB-10 and HFDDDE, but not DFEDHD, significantly dimin-
ished cell proliferation. In OCI-AML3 cell culture, HFDDDE
had no detectable effects at 24 hours but began to affect cell
growth when incubated for 48 hours (Figure 5F). IMB-10
inhibited OCI-AML3 cell proliferation even more effectively
than HFDDDE.

Major role of ayp; in binding proMMP-9 and mediating
pericellular proteolysis

We determined the affinity of proMMP-9 to the cell surface by
using separate MMP-9 procatalytic and C-terminal PEX do-
mains. '?’I-labeled AproMMP-9 and '*’I-labeled PEX bound to
OCI-AML-3 cells with dissociation constants of 93 plus or
minus 18 nmol/L (n = 3) and 100 plus or minus 19 nmol/L
(n = 3), respectively (Figure 6A). Unlabeled AproMMP-9
(50 mu]g/mL) inhibited the binding of '»I-AproMMP-9 by
more than 90% and, correspondingly, unlabeled PEX competed
with '2I-PEX (not shown). Inhibition experiments with integrin
antibodies (MEM 170, TS1/22) and soluble integrin I domains
indicated that a3, and a3, serve as receptors for AproMMP-9
(Figure 6B). Moreover, HFDDDE and DDGW as well as
anti-HFDDDE antibodies inhibited efficiently and confirmed
our hypothesis. In addition, AproMMP-9 binding was inhibited
with the AproMMP-9-binding peptide CTTHWGFTLC but not

with the PEX-domain binding peptide CRVYGPYLLC!? or the
natural MMP-9 inhibitor TIMP-1.

In contrast, CRVYGPYLLC and TIMP-1 prevented the cell-
surface binding of the PEX domain, which thus has a binding site
different from that of the procatalytic domain (Figure 6C). Genetic
knockdown with oy siRNA confirmed that that a3, serves as a
receptor for AproMMP-9 (Figure 6D). At the concentrations
indicated, oy SiRNA but not control siRNA markedly suppressed
integrin expression as determined by protein levels (Figure 6E) and
by flow cytometry (data not shown). ay siRNA did not affect
proMMP-9 protein levels (data not shown). RNAi-treated cells
showed decreased binding to intercellular adhesion molecule-1- or
proMMP-9—coated surfaces, indicating an integrin loss-of-function
effect (Figure 6F).

Finally, we studied whether the leukemia cell invadosome is
important for pericellular proteolysis. Gelatinolysis by OCI-
AML-3 cells was inhibited by HFDDDE (100 pmol/L), although
the peptide itself lacks gelatinase-inhibiting activity (Figure 7A).
As expected, gelatinolysis was inhibited by CTTHWGFTLC or
CRVYGPYLLC, confirming that the process is mediated by
gelatinase. We obtained similar results by studying the stability of
biotin-labeled endogenous cell-surface proteins. More biotinylated
proteins were recovered from HFDDDE-treated cells compared
with DFEDHD-treated or control cells (Figure 7B). DDGW, but
not the control KKGW, had a similar stabilizing effect (not shown).
In a third proteolysis assay, we examined the degradation of
[*H]proline-labeled endothelial ECM by OCI-AML-3 cells. HFD-
DDE and CTTHWGFTLC inhibited the [*H]proline label release
by 32% and 83%, respectively, and DFEDHD or CTTHAGFTLC
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Figure 5. Inhibition of AML cell migration, adhesion, and
proliferation in vitro. (A) OCI-AML3 cells treated with
200 pmol/L peptide or 20 pmol/L small-molecule were allowed
to migrate through an endothelial-cell monolayer. The results
show means = SD from triplicate wells. *P < .001 by Student
ttest. (B) Cells pretreated with RNAi oligomers were assessed
* asinpanel A; *P < .001. (C) AML-M4 primary human leukemia-
derived cells were subjected to migration in collagen-coated
chambers for 24 hours, and the migrated cells were counted.
DMSO indicates dimethylsulfoxide. *P < .05. (D) AML-M4
primary human leukemia-derived cells were allowed to bind to
gelatin-coated microtiter wells for 60 minutes after which the
bound cells were determined via the DHL assay; *P < .001.
(E) AML-M4 primary cells were cultivated in suspension for
7 days with the compounds as described and the growth was
determined via the DHL assay; *P < .02. (F) OCI-AML3 cells
were cultivated in suspension for 24 hours or 48 hours, and the

aM + MMP-9
Negative Control

SIRNA (160 nM)

growth was determined via the DHL assay; *P < .01.

3 )
~ =
§ 100 g 450
® 19
€ 80 o §4oo
E &5 = 350
8 % § 300
s
S 40 £ 250
< B
%20 %200
E S 150
a 0! s %
s s o = < 100
I 3 %) £ >
o 9 =} & 50
& & a = E o
[m] w o
5 8 ] * 5 g o3 ws o3
oA 2 € 2 a5 33 &3
a T F ] ] =r £& 58
I
3
S S m24h
£10 g 3500 m4sh
c o0
S 2 3000 %
© 80 E *
8 £ 2500
g s
560 2 2000 %
[ % 3,'_,
S 40 k3 ‘s 1500
2 &
< * = 1000
;320 o
£ 3 500
T g é 5
5 0SS Wws os ©os S - o W a W o
£ 3 82 ad ao o g ? 93 B3 23 #= 232
3§ dg g] =2- =¢ s 3 22 88 @8 88 @8
5 & ° % %7 BN BV ES &F

had no effects (data not shown). Moreover, we confirmed this
HFDDDE peptide-mediated stabilization of cell-surface proteins
by flow cytometry and identified the 3, integrin chain itself as one
of the stabilized proteins by immunoblotting (Figure 7C).

Discussion

As per the definition used in this work, the invadosome is a
supramolecular MMP-integrin complex required for leukemia-
cell invasion. We show that inhibition of the leukemia invado-
some is a new and attractive strategy for developing antileuke-
mic agents; such drugs may be useful against certain human
AML extramedullary disease phenotypes. These studies raise
the possibilities of designing a new class of more specific
proMMP-9 targeting drugs that are not based on inhibition of the
conserved catalytic mechanism but on the distinct HFDDDE
motif interacting with integrins. The MMP-9 mimetic hexapep-
tide was the most active of the peptides studied here and
inhibited proMMP-9 binding to the cell surface, prevented

pericellular proteolysis, affected long-term cell proliferation,
and decreased medullary and extramedullary AML cell dissemi-
nation in murine models in vivo. Because the a3, integrin, in
particular, is known of its promiscuous binding activity toward
many types of ligands,?! we cannot exclude the possibility that
the peptides studied here also affect binding of other ligands
than proMMP-9. However, the similar activity of anti-HFDDDE
antibodies to that of the synthetic peptide does suggest that
proMMP-9 is a critical factor in AML progression and
dissemination.

In essence, our findings that coculturing AML cells with
endothelial cells up-regulates the surface expression and colocaliza-
tion of ay 3, and o3, with proMMP-9 on AML cells indicate that
mere contact with endothelial cells may harness AML cells with
full invasion capacity. Transendothelial cell migration was inhib-
ited in vitro and in vivo by blocking ayB, or proMMP-9.
Moreover, by studying the binding of recombinant MMP-9 forms
to leukemia-cell surfaces, we confirm our findings''"!3 that the
I-domain of a3, serves as the major receptor for the procatalytic
MMP-9 domain whereas the C-terminal PEX domain has another
binding site. Thus, MMP-9 can in principle bind in at least
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Figure 6. The integrin I-domain anchors proMMP-9 at the A B
cell surface. (A) ?%|-labeled MMP-9 domains bind to OCI- —
AML-3 cells in a dose-dependent manner. (B) 251-AproMMP-9  ~ 2
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2 different ways to AML cell surfaces; whether the binding
arrangements complement each other or have altogether different
functions remains an open question at this point. The MMP-9 PEX
domain has been found to interact with a,f3; integrin and CD44 in
B lymphoma cells?? and with the DNA repair protein Ku in AML
cells.? Therefore, although our preclinical studies have unequivo-
cally pointed to a central role for functional protein interaction
between 3, integrin and proMMP-9 in the extramedullary AML
phenotype, further refinement of the biochemical working defini-
tion of the leukemia invadosome may lead to the recognition that
other proteins also are involved.

Notably, despite not inhibiting MMP-9 enzyme activity directly,
HFDDDE was approximately as effective as the specific gelatinase-
inhibiting peptide CTTHWGFTLC in inhibiting pericellular prote-
olysis and cell migration. These results suggest that integrins and
proMMP-9 act in concert and that binding of proMMP-9 to the
cell-surface integrins is central for localized proteolytic activity.
We found that the 3, integrin chain itself was one of the proteins
stabilized by the treatment with HFDDDE. This raises the question
whether MMP-9 degrades the (3, integrin chain and whether
continuous turnover of g3, could be a reason for its apparent low
surface expression in OCI-AML3 cells. Consistently with this
interpretation, the authors of a recent study?* show that the 3,

integrin chain is cleaved and shed in MMP-9 transfected macro-
phages and that o3, can be a substrate for MMP-9. Thus, one can
envisage that such a proteolytic cleavage is indeed relevant for the
ability of leukemia cells to be mobile and to generate new adhesion
sites. Such a steady proteolytic activity may not be relevant only for
extravasation but also for the primary invasion of leukemia cells
within human bone marrow. Moreover, the data presented here
suggest that pericellular proteolysis is also important for long-term
survival and proliferation of AML cells because their proliferation
was decreased when incubated with HFDDDE for 2 days or longer.
Finally, pharmacologic inhibition of a3, integrin with the small
molecule IMB-10 diminished leukemia-cell proliferation even
more efficiently. In effect, progression of AML and its chemosensi-
tivity has been reported to depend on integrin-mediated signaling
and adhesion.?>-?’

We also observed here that not only the leukemia cells but
also tumor-infiltrating leukocytes were markedly diminished
after treatment with HFDDDE or DDGW. Although we cannot
entirely rule out the possibility that this decrease is merely a
direct consequence of decreased AML cells, host leukocytes,
including neutrophils'? are also likely to migrate in a 3,
integrin-proMMP-9 complex-dependent manner and thus be
inhibited by HFDDDE. Thus, reagents affecting the invadosome
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Figure 7. Inhibition of pericellular proteolysis of OCI-AML3 cells. (A) Effects of
peptides (200 wmol/L) on the release of gelatin fragments from coated FITC-labeled
gelatin. The results show means * SD from triplicates. *P < .005. (B) Biotinylated
cell surface proteins were isolated from cells incubated without peptide (lane 2), with
DFEDHD (lane 3), or with HFDDDE (lane 4). Samples were run on sodium dodecyl
sulfate—polyacrylamide gel electrophoresis followed by silver staining. Molecular
weight markers are shown in lane 1. (C) Quantitation of cell-surface biotinylated
proteins with streptavidin-phycoerythrinin flow cytometry (top panel). Immunoblotting
with B2 integrin antibody (bottom panel).

or the ay/apB, integrin® may also have anti-inflammatory
effects, which could conceivably be either beneficial or harmful
depending on the microenvironmental context. However, a
recent report shows that those bone marrow—derived myelomono-
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cytic cells that enhance tumor growth and progression are
double-positive for MMP-9 and ay,.2® Therefore, an agent
capable of blocking both the tumor cells and tumor-infiltrating
host cells could theoretically be a superior therapeutic, at least
under certain conditions. Further studies will likely shed light
into these open questions.

In conclusion, we report a potent antileukemia effect of
peptides that block the functional protein complex between
ap/oy B, integrin and proMMP-9 in preclinical settings. Our
findings suggest a potential role for the (3, integrin-proMMP-9
complex in the extramedullary phenotype of AML cells. Inhibi-
tion of the leukemia invadosome as biochemically defined here
is a promising new approach to be exploited in further transla-
tional studies.
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